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QCD: The strongest force in the universe

Gluons bind quarks into protons
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Proton collisions

QCD is CRUCIAL for collider physics

Higgs boson
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QCD is asymptotically free
➢ The strong force becomes weak  at high energy
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QCD is asymptotically free
➢ weak coupling   → Feynman Diagrams 
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Q: How did they prove asymptotic freedom? 
A: They computed a sign!
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15 pages in book Quantum Chromo Dynamics by Greiner, Schramm and Stein

The 1-loop beta function is now textbook material
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Complexity at higher loops

# Loops 1 2 3 4 5

# Diagrams 7 66 1 219 29 310 831 942

# terms of worst 
diagrams

9 81 729 6 561 59 049

Dimension of 
integrals

2 5 8 11 14
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History of the QCD beta function
➢      :

➢ 1965 [Vanyashin, Terentev]; 1970 [Khriplovich];1972 [T'Hooft];
➢ 1973 [Gross, Wilczek; Politzer]

➢      :
➢ 1974 [Caswell; Jones]
➢ 1979 [Egorian, Tarasov]

➢      :
➢ 1980 [Tarasov, Vladimirov, Zharkov]
➢ 1993 [Larin, Vermaseren]

➢      :
➢ 1997 [van Ritbergen, Vermaseren, Larin]
➢ 2005 [Czakon]

➢      :
➢ 2016 [Baikov, Chetyrkin, Kühn]
➢ 2017 [FH, Ruijl, Ueda, Vermaseren, Vogt]
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 1 year
4 days

Computing time
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Calculation
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Calculation

➢ Forcer
➢ Parameteric solution of IBPs for up to 4-loop 

massless self energy graphs

➢ Local R*-operation 

➢ fully automated in Form (& Maple for tests)
➢ Allows extraction of poles of L loop euclidean integrals

from L-1 loops

➢ Background field gauge:
➢ Extract beta from background field self energy

arXiv:1704.06650

http://arxiv.org/abs/arXiv:1704.06650
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General gauge group

Besides              we only need the symmetric group invariant tensors 
               

are the generators of the fermionic representation.

are the generators of the adoint representation.

A projection of the 8 dimensional          polytope 
invariant under the the          Lie group 
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Old Results
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Old Results
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Old Results
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Old Results
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New Result
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QCD
 [agrees with result of Baikov, Chetyrkin and Kühn]
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QED
[agrees with result of Baikov, Chetyrkin, Kühn and Rittinger]
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● H → bb at N4LO

● Hadronic R-ratio at N4LO

● H → gg at N4LO

First independent confirmation of results by Baikov, 
Chetyrkin and Kuehn

Same method applies to decay rates
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Outlook

➢ R*:
➢ Develop general Framework for computing 

Renormalisation constants in any local QFT
➢ With Forcer up to 5 loops!
➢ Moments of splitting functions at 4 and 5 loops.
➢ SM EFT at 2 loops, even beyond ?
➢ Supersymmetry, Gravity, ..

➢ VIDI starting April 2018:
➢ Generalise R* to massless external states:

➢ Develop methods for high order LHC cross sections

4-loop 
splitting 
functions

3 jets at 
2 loops

2 jets at 
3 loops

➢ Discover new 
particles?!

➢ Constrain BSM 
parameters!

➢ Improve SM 
Measurements!
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dependence

Convergence enhanced for larger 
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Scale Evolution at low scales

Let us hypothetically fix
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Scale and scheme dependence of                     
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